The present siudy was designed to assess the effects of mercury on glomerular integrity during the early phase of acute renal failure. The silver amplification method showed distribution of mercury in midcortical and juxtamedullary glomeruli and on the brush border of the S2 segment of the proximal tubule 15 min after treatment. At 30 min, there was a decrease in glomerular staining and increased mercury in the proximal tubule. After 3 hr, mercury was no longer detectable in glomeruli but was widespread in the lumen of the proximal tubule. By 24 hr, mercury was prominent in all proximal tubular segments throughout the cortex. The presence of mercury in glomeruli was not related to hemodynamic changes, as there was no evidence for blood redistribution toward juxtamedullary glomeruli as assessed by the filling of the microvascular system with Monastral Blue B. The reduced activity of horseradish peroxidase (administered iv 90 sec and 10 min before sacrifice) in juxtamedullary glomeruli 30 min after mercury administration suggests a decreased uptake of horseradish peroxidase or an increased glomerular protein filtration. These data support glomerular filtration as the predominant excretory route for mercury, highlight the marked nephron heterogeneity in the distribution of this metal, and show that impairment of glomerular integrity occurs before necrosis of the proximal tubules and acute renal failure.
INTRODUCTION
Mercuric chloride has been frequently used as a model compound to induce acute renal failure. It causes a dose-dependent necrosis of proximal tubular epithelial cells, largely confined to the pars recta (S3 segment) within 24 hr (3, 13, 19) . This proximal tubular necrosis is widely accepted as the primary injury and the cause of a secondary acute renal failure. Such an interpretation may be an oversimplification, as there has been a variety of data that implicate glomerular changes during the early phase that precedes proximal tubular necrosis. For example, a decrease in glomerular filtration is one of the earliest functional parameters to be changed (2). Micropuncture studies have attributed this to a fall in filtration pressure caused by a combination of afferent arteriolar constriction and efferent dilatation (1 8) . However, the micropuncture technique is suited only to the assessment of superficial glomerular function, and changes in the juxtamedullary glomerular population may go unnoticed (14) . A fall in filtration pressure was also thought to account for a shift of the macromolecular sieving curve toward larger molecules after mercuric chloride administration (15) . These studies (2, 15) clearly demonstrate glomerular functional alterations that have always been attributed to secondary changes following tubular or vascular toxicity. However, isolated glomeruli are more susceptible to mercuric chloride injury than proximal tubular fragments (1 6), suggesting a previously unrecognized direct glomerular toxicity.
The present investigation was designed to assess glomerular involvement in the early phase of the development of acute renal failure using histochemical methods to assess mercury distribution, microvascular blood flow, and protein filtration. The timecourse of mercury distribution was followed light microscopically using autometallography (5) . In previous studies using this method, glomerular mer-cury deposits have been described (1 1, 17) but a potential heterogeneity of metal accumulation within the cortex has not been studied, nor have there been attempts to relate its distribution to glomerular blood supply and filtration. The finding that mercury accumulated selectively in juxtamedullary glomeruli in the first 30 min following administration prompted further experiments to assess potential hemodynamic differences between the 2 nephron populations. Monastral Blue B was used as a marker to visualize the vascular system and assess changes in blood supply and shunting to different regions of the kidney following mercury insult. No obvious differences in distribution of the dye between cortical and juxtamedullary glomeruli were seen. However, injection of horseradish peroxidase, as a marker for glomerular permselectivity, showed a transient filtration change within the first 30 min following administration of mercuric chloride, which was no longer visible after 3 hr.
MATERIALS AND METHODS Clieniicals. All chemicals and reagents were of analytical standard and of the highest commercially available purity.
Aiiiiizals aiid Dosing. Male Wistar rats (University of Surrey strain), weighing 150-190 g, had free access to food (Lab Diet No. 1, Spratts, Barking, Essex, UK) and tap water prior to the experiment. The rats were housed in groups of 10 in translucent "shoe-box"-type plastic cages (60 x 35 x 18 cm, North Kent Plastic Cages Ltd., UK) on sterile soft wood shavings (Lee & Son, Chertsey, Surrey, UK) in a controlled environment (20-22°C and 40-60% humidity) with 15 air changes per hour and a 12hr light/dark cycle with the light cycle beginning at 0730 hours Greenwich mean time.
The animals were injected ip with 9 mg/kg (for silver amplification studies) or 4 mg/kg (for microvascular filling and protein filtration investigations) of mercuGc chloride (BDH, Poole, Dorset, UK) dissolved in isotonic saline. The animals were sacrificed by cervical dislocation at the time-points shown in Table I . Uninjected animals served as controls.
All of these investigations complied with the regulations laid down by the UK Home Office under the Animal Scientific Procedures Act (1986).
Histoclienzistry. Following sacrifice, the kidneys were rapidly excised and fixed in 4% (v/v) formaldehyde : 1% (w/v) calcium chloride at 4°C for 24 hr. Kidney slices (1-2 mm) were washed in 0.1 M phosphate buffer (pH 7.4) for 1 hr to remove fixative, dehydrated, and infiltrated in freshly catalyzed glycolmethacrylate resin (JB-4 resin, Polysciences, Northampton, UK) for 12 hr at 4°C. Tissues were resin-embedded overnight at 4°C and 1-2-pm sec- tions were cut using "Ralph"-type glass knives and mounted on gelatin (0.5% w/v)-coated slides. Silver enhancement was camed out following a modification (5) of the procedure described by Danscher and Mdler-Madsen (4). Sections were immersed for 1 hr at 26°C in the silver enhancer solution prepared by mixing equal volumes of IntenSE I1 Initiator and Enhancer (Janssen Life Science Products, Olen, Belgium). After distilled water rinsing for 30 min, the slides were exposed to 5% (w/v) sodium thiosulphate for 5 min followed by another 10-min rinsing period with distilled water. The slides were then counter-stained with Toluidine blue. Microvasciilar Fillirig. Rats were anesthetized with sodium pentobarbitone (60 mg/kg, Sagatal, May, and Baker, Dagenham, UK) at designated timepoints after administration of mercuric chloride. The left jugular vein was cannulated with a polyethylene catheter (PE50, Portex, Hyde). The abdominal cavity was opened by a midline incision, the kidneys were exposed, and the hilum gently freed from surrounding fatty tissue. At the times specified in Table  I , a bolus of 0.2 m1/100 g Monastral Blue B suspension (Sigma Chemical Co., Poole, Dorset, UK) was injected. This dose had previously been shown to achieve uniform vascular labeling throughout the kidney (8) . When the kidney surface turned dark blue (usually within 3-5 sec), the hilar vessels were clamped, the kidneys rapidly excised, and poles removed and fixed in formal : calcium. Fixed frozen sections (200 pm) were embedded in glycolmethacrylate resin as described earlier for en bloc inspection.
Glotiieriilar Proteiti Filtration. Horseradish peroxidase (type 11, nondialyzed, Sigma Chemical Co., Poole, Dorset, UK) was given via a tail vein at 90 sec and 10 min before the animals were sacrificed ( Table I) . The staining for peroxidase is largely confined to the glomeruli at the 90-sec time-point, and there is increased tubular activity of peroxidase at the 10-min time-point due to glomerular filtration (7) .
The kidneys were excised and fixed as already at SAGE PUBLICATIONS on December 9, 2012 tpx.sagepub.com Downloaded from described. Peroxidase activity was demonstrated in fixed frozen sections (15 pm) using the procedure described by Graham and Karnovsky (7) . Briefly, the tissue slices were immersed for 10 min in 10 ml 0.05 M TRIS-HCl buffer (pH 7.6) containing 5 mg 3,3'-diaminobenzidine tetrahydrochloride (Polysciences, Northampton, UK) and 0.1 ml hydrogen peroxide (1% v/v). They were subsequently washed thoroughly in 3 changes of distilled water and mounted.
RESULTS

Histochemistry
Control kidneys had normal morphology. Background silver staining showed only scattered precipitates, which were unrelated to any anatomical structure. a) 15 Miit after Merciiric Chloride. No morphological abnormalities were apparent but silver staining showed mercury precipitates predominantly in midcortical and juxtamedullary glomeruli (Fig. 1 a) and in adjacent proximal tubular segments. Superficial glomeruli and proximal tubules showed no silver deposits. b) 30 Miii after Mercuric Chloride. The silver deposits had increased in the proximal tubules and some precipitate remained in juxtamedullary glomeruli. At higher magnification, silver grains could be seen lining the glomerular capillary wall (Fig. 1 b) . Mercury-silver aggregates were also seen on the brush border of the S2 segment of the proximal tubule at this time-point (Fig. lb) . The interlobular area of the cortex was unstained. Morphological abnormalities were not apparent. c) 3 Hr after Mercuric Chloride. Silver staining had virtually disappeared from the glomeruli. Increased silver staining was visible in more proximal tubular.segments with a larger area of the cortex affected (Fig. lc) . The first morphological changes (vacuolization and irregular shaping of the epithelium) were seen in proximal tubular segments adjacent to the juxtamedullary glomeruli, i.e., the area that had shown the first positive silver staining (Fig.  lc) . d) 24 Hr after Mercuric Chloride. Virtually all proximal tubular segments now showed prominent silver staining (Fig. Id) . Tubular necrosis and sloughing of epithelium was widespread, but there were no visible glomerular abnormalities.
Gloiiierirlar and Vascular Filling with Monastral Blue B a) Control.
Glomeruli stained uniformly pale blue and were the most prominently stained feature ( Fig. 2a) . A fine capillary network was visible in the cortex. In the outer medulla, the vascular bundles were also stained, but to a lesser extent than the glomeruli. There was little vascular labeling in the papilla.
b) 30 Miii after Mercuric Chloride.
There was an increased glomerular staining, but no difference between cortical and juxtamedullary glomeruli was apparent ( Fig. 2b) . Traces of Monastral Blue B in the vascular bundles of the outer medulla were obscured by the marked blood congestion. c) 3 Hr after Mercuric Chloride. Dye particle deposits were confined to glomeruli and the rest of the vessels were filled with blood ( Fig. 2c ). In particular, the outer medulla was completely congested, and there were numerous blood-filled interlobular arteries in the cortex.
d) 24
Hr ajer Mercuric Chloride. The most obvious feature was the very prominent dye-labeling of the capillary network in the whole kidney, including the blood vessels in the papilla, which were clearly visible for the first time ( Fig. 2d) .
Glomeritlar Protein Filtration a) 90 Sec Following Peroxidase Injection.
In control animals there was no difference in peroxidase activity between superficial and juxtamedullary glomeruli (Fig. 3a) . The peroxidase activity in juxtamedullary glomeruli was reduced compared to superficial glomeruli 30 min after administration of mercuric chloride (Fig. 3b ).
b) 10 Mitt Following Peroxidase Injection.
In control animals glomerular staining for peroxidase was prominent, but there was also a clear accumulation ofperoxidase in tubular segments (Fig. 3c ). Thirty min after mercury administration, there was little change in peroxidase activity compared to controls (not shown). However, at the 3-hr time-point, an increase in glomerular peroxidase staining was accompanied by a reduction of tubular peroxidase activity in both the outer cortex and the region of the corticomedullary border (Fig. 3d) .
DISCUSSION
The present study shows for the first time that the distribution of mercury during the early phase of exposure is heterogeneous. Juxtamedullary and midcortical glomeruli and the lumen of adjacent proximal tubular segments were the first structures in which the metal.was demonstrated by the silver amplification method. Previous studies have failed to demonstrate this heterogeneous distribution of the metal, although they clearly demonstrate an early glomerular accumulation of mercury. Wockel et a1 (17) reported mercury deposits in glomeruli and on the brush border of S2 segments of proximal tubules within 15 min of administration. At later time-points, they saw an increase in lumenal tubular staining. Hultman et a1 (1 1) demonstrated mercury deposits along the glomerular basement membrane as early as 30 sec after injection, followed by a gradual accumulation in proximal tubular cells from the lumenal side. No uptake from the peritubular side and no tubular secretion were seen up to 30 min following mercury administration. This is clearly shown by the localization of the silver precipitates on the brush border of the S2 segments of the proximal tubule in this investigation. By contrast, the S3 segment, the "classical" target of mercuric chloride (9, 13, 19) only showed mercury deposits at a comparatively late stage.
The data presented here support glomerular filtration as the predominant route of excretion of mercury, at least in the first hours following administration. It is unclear why the juxtamedullary nephron population in particular should be the first to be exposed to mercury, but this may relate to the vascular supply of the renal cortex. Using radiolabeled microspheres, Hsu et a1 (10) found a 25% reduction, of outer cortical blood flow at 3 hr following administration of mercuric chloride while inner cortical blood flow was unchanged. At 24 hr, outer cortical blood flow was further reduced, while inner cortical blood flow was elevated by more than 50%, showing that mercury indeed has a heterogeneous effect on the renal vasculature. The micro-sphere technique, however, is unsuited to reveal specific glomerular effects. On the other hand, the use of pigment dyes as a means to directly visualizing renal blood flow distribution has been advocated (1) . We used Monastral Blue €3, a colloidal quaternized copper phthalocyanine dye, as a marker to investigate a possible shunting of blood toward juxtamedullary glomeruli. The present study failed to reveal any obvious differences in the distribution of the pigment between cortical and juxtamedullary glomeruli. However, an outer medullary capillary congestion was clearly visible 30 min after mercury administration, which was already less prominent at 3 hr. This early effect was missed in the study by Hsu et a1 (lo), since their first time-point was at 3 hr. Although an increase in proteinuria has been reported shortly after mercury administration (1 1, 15) , no attempt has previously been made to correlate this with the early accumulation of mercury in glomeruli. We therefore studied protein filtration following mercury exposure using a marker protein, horseradish peroxidase, which can be detected histochemically. In studies on the permselectivity of the glomerular basement membrane, Graham and Karnovsky (7) found that the majority of this enzyme could be located within the glomeruli as early as 90 sec following administration. At later timepoints, there was an increased accumulation in the proximal tubule and a decreasing staining intensity in the glomeruli. This pattern of filtration was observed in this study at 90 sec and 10 min following injection of the enzyme. In the 90-sec group, there was also a reduction in juxtamedullary glomerular staining intensity for horseradish peroxidase 30 rnin following administration of mercuric chloride, which was no longer visible at 3 hr. The mercury staining in the juxtamedullary glomeruli and the outer medullary congestion shown with Monastral Blue B at this time-point indicates a transient decreased accumulation or an increased glomerular leakage of the protein marker horseradish peroxidase. The tubular peroxidase activity in the 10-min group was markedly reduced 3 hr after mercury treatment, indicating either a decrease of glomerular protein filtration or a backdiffusion of horseradish peroxidase through injured proximal tubules. Such an effect has been shown to occur after 60 rnin of renal ischemia injection. x 19. a) Control. Glomeruli are uniformly stained throughout the cortex. mr = medullary rays. b) 30 min following mercuric chloride (4 mglkg). Increased staining intensity compared to control kidney. Interlobular arteries are filled with blood (arrowhead). c) 3 hr following mercuric chloride (4 mg/kg). Note the blood-filled arcuate arteries and the congested outer medulla (om). d) 24 hr following mercuric chloride (4 mg/kg). Staining of the capillary network throughout the kidney. and a reflow period of 2 hr (6) . No difference between the staining intensity in tubular areas adjacent to superficial or juxtamedullary glomeruli could be established in our study. In summary, the present studies show 0 an initial accumulation of mercury in juxtamedullary glomeruli followed by filtration and preferential lumenal uptake in the S2 segment of the proximal tubule; 0 no difference in.perfusion between cortical and juxtamedullary glomeruli as determined by Monastral Blue B microvascular filling; and 0 an alteration of glomerular protein filtration and/ or tubular protein backleak using horseradish peroxidase as a marker:
The data suggest that direct glomerulotoxic effects shortly after mercury administration play an important role in the development of mercuric chloride nephrotoxicity by allowing glomerular filtration to act as a major excretory route by which mercury reaches the proximal tubule. An increased susceptibility of juxtamedullary glomeruli to toxic injury has previously been demonstrated in studies with the anti-cancer drug adriamycin both in v i w (14) and in vitro (12) . Our study highlights the role of juxtamedullary glomeruli in mercury-induced acute renal failure and provides another example where the importance of nephron heterogeneity has previously been unrecognized.
